Differences in response to pharmacologics or other exogenous agents occur when they are applied to individuals of different ages. The present report presents a discussion of the relative vulnerabilities of various early stages in the life cycle. Various published results, using several systems, including lung, kidney, gastrointestinal tract, and immune system, have clearly established that unique developmental events take place not just in embryonic development but also during fetal development and that the latter period may be highly vulnerable to perturbation by a teratogenic agent. Defects may be manifest in subtle ways and result in neonates that, although they may appear to be normal, in fact lack physiologic reserves or capabilities beyond those necessary for simply surviving. In the clinical world, it is possible that a prenatal insult often undetected by routine types of clinical evaluation could put an individual at jeopardy or increase its postnatal vulnerability to an insult tolerated by unaltered offspring.
INTRODUCTION
N ORGANISM'S ~r n EXISTS as a timeline of circumstances, capabilities, and responses that can A vary markedly from one life stage to another. It is well known that-and in some instances partially understood why-there are differences in response to pharmacologics or other exogenous agents applied to individuals of different ages. Most striking of all are differences between prenatal and postnatal individuals in their response to exogenous agents. During in utero development, the mammalian embryo is totally dependent on interchanges with the mother that begin even before the time of implantation. Rather than being a sequestered and protected individual, the embryo may receive and be highly sensitive to substances present in the meternal circulation.
During the embryonic stages of differentiation and organogenesis and to a lesser extent during the fetal period of maturation and growth, the conceptus must initiate, accomplish, and conclude a wide spectrum of biological phenomena that are less obvious or even absent in adults. Differential susceptibility of the adult and developing individuals is not considered to be just the result of differ-Daniel Baugh Institute, Department of Anatomy, Jefferson Medical College, Thomas Jefferson University, Philadelphia, Pennsylvania. ences of the basic metabolism of cells but of different kinds of events that take place in embryos more so than in adult animals. An example of a developmental event more or less unique to the conceptus is the initiation of pattern formation. Adults have the ability to maintain but not to initiate and form morphogenic patterns. Therefore, even though we do not know the mechanisms of pattern formation, it would be expected that perturbation by a particular chemical would occur only during those stages when patterns were being formed and there would be little, if any, effect if the chemical were administered later or earlier in life.
The purpose of the present report is to illustrate that unique developmental events are not limited to embryonic periods but also occur during fetal development and can be perturbed by a teratogenic agent. These events can be manifest in subtle ways and, in fact, may result in newborns that, though apparently normal, lack physiological reserves or the capacity to handle even a modest insult.
EFFECTS ON DIVERSE SYSTEMS
There are several organs and organ systems that one can use to illustrate the presence of this vulnerability, including the kidney, the gastrointestinal tract, and immune systems. In an extensive series of reports, Kavlock et al. presented a series of techniques that enabled the identification of young animals with altered renal function following in utero chemical insult.f1.2) The research of these investigators clearly demonstrated that otherwise apparently normal neonates can have significant renal dysfunction due to a single episode of prenatal exposure to some, but not necessarily all, teratogens. 13) The intestinal tract, like the kidney, undergoes significant functional maturation processes in utero that can also be altered by prenatal insults. 14) Prenatal insult has been shown to result in altered transit and gastric emptying times as well as altered hematologid and clinical chemistry parameters. Several of the effects could significantly influence various phases of gastrointestinal function, but none were specifically tested for in these studies.
Perhaps also relevant is the example of altered postnatal immunocompetence as a result of in utero insult.(5.6) Such effects may have profound influences that are only beginning to be appreciated. As elucidated in a recent review,") the immune system is clearly another organ system subject to decrements of anticipated postnatal capabilities produced by prenatal experience. Since the lung is the system we studied from a functional teratology perspective, the subsequent discussion revolves around the maturation and degree to which fetal development of lung may be altered, yet result in individuals who are apparently normal but who lack the reserve respiratory capabilities of normal newborns.
The data to be presented as support were previously published and extracted for the purpose of this discussion. Louis, MO) on the morning of gestational days 15, 16, 17, 18, and 19. The experiments also contained concurrent vehicle-control and untreated dams. Pregnant rats were killed by decapitation on days 18, 19, 20, or 21 of gestation. (Normal delivery occurs on day 22 f 112 in this strain.) At autopsy, the uterus was excised and opened, and fetal viability was determined by tactile response. Only viable fetuses showing respiratory movements were chosen for sampling. The fetus was decapitated while still covered by the fetal membranes, and the thoracic contents were quickly removed and placed into either 10% phosphate-buffered formalin or glutaraldehydelparaformaldehyde (2%/1%) cacodylate-buffered fiative (pH 7.4). Formalin-fied tissues were processed, embedded in paraffm, cut in 5 pcoronal sections and stained with standard H & E, PAS, and Gomori histological stains. The glutaraldehyde-fmed tissues were minced, postfiied with 1.5% osmium tetroxide, and processed for plastic embedding by standard methods. One-micron sections of Epon 812-embedded lung tissue were stained with 0.1070 toluidine blue in 1 % sodium borate and examined under light microscopy for the general architecture of the lung parenchyma as well as for mitotic figures.
Characteristics and ratios of parenchyma vs air-space volume were determined in representative samples by planhetry.(*) Thin (pale gold) sections were obtained on an LKB 111 ultramicrotome, placed on copper grids, and stained with 0.5% uranyl acetate and 1% lead citrate. Lung ultrastructure was examined with an RCA 3G transmission electron microscope.
Additional dams were allowed to deliver spontaneously. Neonatal lung tissues were collected from representative animals on postnatal days 0, 1, and 2 and processed for both paraffin and plastic embedding as described above. Other litters were used for survival studies or physiological testing (oxygen consumption). Briefly, oxygen consumption testing was achieved in a closed system by placing single, tattooed, neonatal pups ranging in age from 2-6 hours to % hours postdelivery (day 4) into a chamber, which was then submerged in a thermostatically controlled water bath (33°C). Oxygen consumption (ml oxygen consumed/min per kg body weight) was determined indirectly with the use of a CO, trap and a water manometer. Full details on methodology and apparatus design have been published elsewhere.Ig1
All data were anal-d with one or more of the following statistical tests: Student's t-test, chisquare, Wilcoxon rank sum test (Ztailed), one-way analysis of variance.
EFFECTS ON LUNGS
In Table 1 , it is evident that both at birth and at 24 hours postpartum, the vitamin A-treated animals had a markedly diminished survival in comparison to both the untreated and the vehicletreated controls. The average number of fetuses per litter was similp whether observed in utero or in the postpartum period for each respective group, indicating a low in utero mortality. Thus, these data suggest that the increased mortality seen in teratogen-exposed pups is related to events surrounding the birth process and/or the onset or efficiency of various postnatal functions. Although several systems may be involved, it is known that the respiratory system is affected. Histological and oxygen consumption data, as discussed below, tend to suggest that at least the early deaths are related to an inefficiency in achieving the necessary transition between the in utero fluid and the air environment to enable proper expansion and function. Lungs from similarly treated animals were examined histologically at each gestational day predelivery, as well as in the day 1 newborns. Lung cellularity was markedly increased by the vitamin A treatment. This was not associated with any deficiency in the number of airways per unit area of lung or size of the lumina, but it appeared to result from an absence of normal cellular configurational changes ( Fig. l) .(*) The generalized hyperplasticity of the alveolar epithelial lining appeared to involve both type I and type I1 pneumocytes. It is not known whether the pormal ratio of these cell types was altered.
Since type I1 pneumocytes have a programmed sequence of organelle differentiation, (I1) attempts were made to determine if alterations in their pattern of differentiation could account for the increased postnatal mortality. However, type I1 pneumocytes from control and treated animals were indistinguishable from each other when examined by transmission electron microscopy. The lamellar bodies of treated progeny appeared in normal temporal sequence from their initial formation as basilar multivesicular bodies on day 19 through migration toward the luminal surface on day 20 and the eventual extrusion into the lumen and unfolding of the tubular myelin late on day 20.
The apparently normal ultrastructural differentiation of the type I1 pneumocytes is consistent with functional observations of normal reduction of surface tension in the amniotic fluid of such anirnals.(l2) The lungs of vitamin A-treated fetuses, as well as those from vehicle control or untreated (normal control) animals, have areas of both expanded and unexpanded lung. The degree of atelectasis is highly variable in distribution not only from one area of lung to another but also from one pup and one litter to the next.(10) When these neonatal rat lungs were examined at postnatal (PN) day 2, lungs of pups from teratogen-treated dams typically exhibited a marked increase of the alveolar septal wall thickness (Fig. 2) , as well as increased percentage of atelectatic lung even when the region of lung examined was held as constant as possible (midhilar, coronal sections). This observed histopathology appeared to be directly related to the prenatal exposure to excess vitamin A and with the observed postnatal morbidity and mortality. In other words, treatment with the drug during the fetal stages resulted in lungs of neonates that tended to be less fully inflated and to have thicker septal walls than those of control animals.
The efficiency of gaseous exchange within such lungs can be easily questioned. Thus, experiments using the same treatment regimen were repeated, and the rate of oxygen consumption (QO,) of the various groupsnormal control, vehicle control, and vitamin A-treated pupswas determined on postnatal day 0, that is, at the time of delivery, as well as on postnatal days 1, 2, 3, and 4.19) (Although QO, rates are not determined exclusively by lung function but also by metabolic functions, we must keep in mind that sufficient lung histopathology is present after the prescribed prenatal exposure to have a marked effect, e.g., the decreased percentage of available surface area with the atelectasis and the generalized thickened epithelial lining seen with the hyperplasia.) When the mean litter QO, rates on the various days were examined, no clear pattern was evident ( Table 2) . Although it appeared that the QO, values in experimental animals approached the normal range with increasing age, this was an illusion, since many of the severely affected animals had died. However, when the individual QO, values were examined, a direct correlation could be made between the QO, rate on the day of delivery and subsequent survival ( Table 3) . Animals with a low QO, 2-6 hours postdelivery tended either to have achieved a normal level of oxygen consumption by the first postnatal day or, as in the case of most vitamin-exposed pups, to die no later than postnatal day 4 ( Table 3) .
No deaths occurred in the control groups regardless of QO, level on day of delivery.
In this study it was not possible to demonstrate a direct correlation between the QO, on postnatal day 0 and the actual day on which the animal died. The animals did, however, fall into three rather clearly defined groups. Obviously, those with very low QO, on the day of delivery or otherwise severely affected tended to die early. Possibly, this was a reflection of their having a higher percentage of nonfunctional or atelectatic lung. It was striking, however, that the vitamin A-treated animals with QO, rates within the upper normal range (mean + 1 standard deviation) or higher died later, that is, between days 10 and 15. These early increased or apparently normal QO, values seen in treated animals possibly could be related to increased oxygen consumption due to increased work expended to breathe. When examined histologically, these animals did have markedly thicker alveolar walls and somewhat less well expanded lungs in comparison to control animals. Only animals with QO, values approaching the low end of the normal range at delivery (30 f 5 ml0Jmin per kg of body weight) survived through postnatal day 30 ( Table 3) . Hence, with the use of a noninvasive
FIG. 1. Photomicrographs comparing the typical histology of fetal lung in control and vitamin
A-treated rats on day 21 of gestation. Note in the control (A) that the septal walls are relatively thin and the epithelium attenuated as compared with lung from the treated fetus (B), whose mother received 160,OOO USP units of retinol acetate (vitamin A) on days 15-19 of gestation. Arrows indicate representative type I1 alveolar pneumocytes responsible for the production and release of surface tension-reducing surfactant. In the vitamin A-treated animals, the cytoplasm of many type I1 pneumocytes still shows a strong metachromatic staining characteristic of immaturity. Most of the cells lining the lumen are of the type I classification. Toluidine blue. X 400. method, such as QO, determination shortly after delivery, one can predict both the severity of lung damage and the probability of the animal surviving with a reliability of 80% or higher, at least in the case of prenatal exposure to hypervitaminosis A. Further studies must be conducted to evaluate long-term effects and to determine (1) the level of compromised function once the affected individual survives the neonatal period and (2) the possible effects and interrelationships of other damaged organ systems on the well-being of the individual.
FIG. 2. Photomicrographs comparing histology of typical representative neonatal lung in 2-dayold control (A) and vitamin A-treated (B) rat pups. Note in the control (A) the well-inflated lung with thin septal walls as compared to the thickened septal walls and evidence of many collapsed

DISCUSSION
The developmental events characteristic and, to some extent, even unique to in utero existence are easily perturbed by a variety of exogenous agents if dosage is not taken into account. The primary developmental hazards are those that interfere with development without adversely affecting the mother. Other potentially hazardous agents are those that are equally toxic to both conceptus and mother but produce signs and symptoms that are tolerable to the mother, and although she may fully recover after exposure, the embryo may not, leaving irreparable damage. This concept of differential susceptibility is well established for the kinds of developmental toxicity with which we are more familiar, that is, those that cause gross anatomical abnormalities. The concept is less well appreciated for functional capabilities-not because it does not hold true for physiological parameters but because it has been less well studied by developmental toxicologists. The full extent to which altered compensatory or reserve capabilities may result from exposure to toxicants during fetal development is largely untested. From the examples discussed here, it appears that perturbed fetal development may compromise the quality of postnatal life or make the individual more susceptible to an otherwise innocuous insult or trauma. It is possible that prenatal insult undetected by routine types of clinical evaluation could enhance the individual's vulnerability to an insult tolerated by unaltered offspring. Perhaps these prenatally induced changes may even account for some of the idiosyncratic responses seen in neonates and individuals to therapeutic and pharmacological treatment.
